The visual system of box jellyfish comprises a total of 24 eyes. These are of four types and each probably has a special function. To investigate this hypothesis the morphology and optics of the lesser eyes, the pit and slit eyes, were examined. The pit eyes hold one cell type only and are probably mere light meters. The slit eyes, comprising four cell types, are complex and highly asymmetric. They also hold a lens-like structure, but its optical power is minute. Optical modeling suggests spatial resolution, but only in one plane. These unique and intriguing traits support strong peripheral filtering.
Introduction
Cubozoa is a small exotic group of cnidarians found in tropical and subtropical waters around the world. They are known for their immense stinging powers but another truly amazing feature of these animals is their visual equipment. It has been known for well over 100 years that the medusa stage of the cubozoans, box jellyfish, all possess four sensory structures, the rhopalia, each carrying a similar set of six eyes (Berger, 1898 (Berger, , 1900 Claus, 1878; Hertwig & Hertwig, 1878; Schewiakoff, 1889) . These six eyes are of four types: two relatively large medial eyes with spherical lenses, a lateral pair of pigment pit eyes, and a lateral pair of pigment slit eyes.
There has been much speculation on the usage of the eyes in box jellyfish (Hamner, Jones, & Hamner, 1995; Kinsey, 1986; Pearse & Pearse, 1978) . In a recent study we have shown that medusae of the Caribbean species Tripedalia cystophora and the Australian species Chiropsella bronzie perform a visually guided obstacle avoidance response (Garm, O'Connor, Parkefelt, & Nilsson, 2007) . Observations made by other authors working with other species of box jellyfish support the presence of this behavior. (Hamner et al., 1995; Hartwick, 1991; Matsumoto, 1995) . Attraction to light is another behavior which seems to be present in most cubomedusae. T. cystophora has been shown to be attracted to light in their natural habitat where they swim in and out of light shafts in between the mangrove roots (Buskey, 2003; Stewart, 1996) . It has also been noted that they are attracted to a point light source and can ''remember" the direction (Romanes, 1876) . Our electrophysiological studies have revealed the lens eyes to be slow and colorblind (Coates, Garm, Theobald, Thompson, & Nilsson, 2006; Garm, Coates, Seymour, Gad, & Nilsson, 2007) .
Several studies have dealt with the morphology of box jellyfish eyes, with the two lens eyes receiving by far the most attention (Berger, 1898; Kozmic et al., 2004; LaskaMehnert, 1985; Laska & Hü ndgen, 1982; Matsumoto, 1995; Nilsson, Coates, Gislén, Skogh, & Garm, 2005; Pearse & Pearse, 1978; Piatigorsky, Horwitz, Kuwabara, & Cutress, 1989; Piatigorsky & Kozmic, 2004; Yamasu & Yoshida, 1976) era-type eyes, and constitute an amazing analog to cephalopod and vertebrate eyes. Both the cubozoan lens eyes have a more or less spherical lens and a well-developed hemispherical retina. Their photoreceptors are mono-ciliated. The cilium is 20-40 lm long and dissolves into numerous microvilli (Laska & Hü ndgen, 1982; Pearse & Pearse, 1978) . The lower lens eye of the Australian species Chironex fleckeri has a few thousand photoreceptors and the small lens eye a few hundred (Pearse & Pearse, 1978) .
The morphology of the two other eye types, the slit and pit eyes, has briefly been touched upon by a few authors (Berger, 1898; Laska & Hü ndgen, 1982; Martin, 2002; Satterlie, 2002) . They describe the shape of the pigment cups, give some data on the photoreceptors, and refer to them as simple eyes. Interestingly, Satterlie (2002) suggests from light microscopy that there might be a ''lens-like" structure in the slit eye and therefore possible image formation. Nothing is known about the functions of the smaller eyes, but if the slit eye contains a lens it would indicate that this eye is more complex than previously believed. Thorough morphological examination based on detailed transmission electron microscopy is needed to verify the presence and nature of this structure. Detailed electron microscopical data are also needed to appreciate the visual capacities of the slit and pit eyes, and thereby to obtain a more complete understanding of the visual system of box jellyfish.
It is the aim of the present work to examine the structure of the pit and slit eyes of the box jellyfish T. cystophora, and to use this information to analyze their optics with special attention on the possibility of spatial resolution. We show that the pit eyes hold a single cell type only and are probably mere light meters. The slit eyes have four cell types, including two types of photoreceptors and vitreous cells forming a lens-like structure. They may have spatial resolution but along the transverse axis of the eye only.
Materials and methods
Adult male and female T. cystophora were hand collected in the mangrove swamps at La Parguera, Puerto Rico. The rhopalia were removed with a pair of scissors and fixed in 2% glutaraldehyde, 2.5% paraformaldehyde, and 3% sucrose in 0.15 M sodium cacodylate buffer. After 2-3 days in the fixative the rhopalia were washed in buffer, dehydrated in a series of ethanol and acetone, and embedded in Epon 812 resin. The material used for TEM was post-fixed in 1% osmium tetraoxide in 0.15 M buffer for 1 h at room temperature prior to dehydration. Fifty-nanometer sections were cut with a diamond knife on a Leica ultra microtome. The TEM-sections were mounted on single slot grids, contrasted with uranyl acetate (20 min at room temperature), and lead citrate (3 min at 5°C), and observed in a JEOL 1240 microscope. The material for light microscopy was sectioned in 1-lm sections on a glass knife and stained with methylene blue. All pictures were generated and manipulated digitally.
Determination of refractive index in the slit eye
The structure filling the slit eye is transparent but has little refractive power (see Section 3). We will therefore not use the term lens, but rather refer to these specialized cells as vitreous cells. Due to the small size (90 Â 25 Â 20 lm), and soft nature of the group of vitreous cells, it was not possible to remove them intact for interference light microscopy. An alternative method was therefore developed to obtain information on the refractive indices. Graded refractive indices have been directly measured from the lenses of the two large lens eyes (Nilsson et al., 2005) . These measurements are used to extrapolate the indices from the vitreous cells under two assumptions. It is assumed that the vesicles found in the vitreous cells contain the same kind of crystallin as the lenses of the lens eye. It is also assumed that the electron density in TEM-sections can be used as a measure of the relative crystallin concentration. It could be added that even if the first assumption should be wrong, it should not influence the results much. The electron density is roughly proportional to the tissue density (in this case the protein concentration), which in turn is proportional to the refractive index.
Under these assumptions, TEM-sections through the center of the lens from three lower lens eyes were used to create a calibration curve between electron density (relative pixel darkness) and refractive index (Fig. 1) . The good fit between electron density gradient and measured refractive index gradient confirms the validity of the method. The calibration yielded the following equation for the conversion: n = ((255 -D)/223 + 4.791)/3.88, where n is the refractive index and D is the pixel value in 8-bit grayscale. The relative electron density in the TEM-micrographs is strongly influenced by the staining procedure and camera settings. All the TEM-sections were therefore carefully stained using the same protocol, and all the digital pictures were normalized to the same contrast spectrum using an area of the section without any tissue as the white reference, and the pigment granules of the photoreceptors as the black reference. For the same reason, TEM-sections with diverging thickness were not used.
Optical modeling
The refractive indices obtained from the TEM-micrographs of the vitreous cells were used to model their refractive power. Due to the complex shape of the vitreous cell population, and the arrangement of the crystallin in vesicles with a size close to the wavelength of visible light (0.3-1.5 lm), normal geometrical approximation of the optics does not necessarily apply. Instead we used simulations of wave front propagation based on the Helmholtz equation (see Appendix A).
Due to the computational complexity of making full 3D wave simulations, we have restricted our analyses to 2D simulations. The result from these simulations proved sufficient to obtain a general understanding of the optical properties of the vitreous cells. The 2D waveform propagation was simulated directly on five selected TEM-sections (three transverse and two longitudinal). The refractive indices of the vitreous vesicles were deter- Fig. 1 . Calibration curve between refractive index and relative electron density in TEM-sections of the lower lens eye. The good fit between measured refractive index and electron density is used as an indirect method to obtain data on the refractive index of the slit eye lens (see Section 2 for details). Broken line and open circles show the measured refractive indices through a radius on the lower lens (see Nilsson et al., 2005 , for details). Solid line and filled diamonds show the corresponding relative electron density of the lens material following a radius. Error bars indicate SEM, n = 3. mined as described above. On each section the modeling was done with wave fronts coming at nine different angles and with three different wavelengths (400, 500, and 600 nm). The refractive index of ''normal" cytoplasm and photoreceptor microvilli was set to 1.33 and 1.37, respectively (Nilsson, Land, & Howard, 1988) .
Since modeling the wave front propagation found that the vitreous cells have only weak optical power, the receptive fields were assessed using geometrical optics and normal ray tracing, ignoring refraction in the vitreous cells. This was done for both the pit and the slit eyes in a custom made program for MATLAB 7.0.1 (The Mathworks, Inc., Natick, MA).
Results

The arrangement of the eyes
The rhopalia containing the eyes are situated in small groves, the rhopalial niches, midway between the pedalia holding the tentacles. They are attached to the bell by a stalk approximately half the length of the rhopalia. A full sized rhopalium of T. cystophora is approximately 500 lm long. The two lens eyes are situated along the midline of the rhopalium with the upper lens eye pointing upwards (Fig. 2) . The lower lens eye sits centrally on the rhopalium and points obliquely downwards (Fig. 2) . The slit eyes are situated laterally between the upper lens eye and the lower lens eye with their openings pointing fronto-laterally (Fig. 2) . The pit eyes sit laterally to the upper lens eye, and they point upwards and slightly laterally (Fig. 2) . The slit and pit eyes are situated closely together on the rhopalium, and internally they are separated/connected by a thin layer of neuropil only (not shown).
Morphology of the slit eye
The opening of the slit eye of T. cystophora is occupied by a group of vitreous cells forming a very complex structure. Directly underneath these cells is a keel-shaped retina holding two cell types: pigmented photoreceptors and nonpigmented photoreceptors. The slit eye also contains a fourth cell type, which are non-sensory pigment cells. A schematic drawing can be seen in Fig. 3 . The eye is covered by a mono-layered epithelium. The pigment cup of the slit eye of an adult T. cystophora is 90-110 lm long, has an external maximum depth of 50-55 lm, and a maximum width of 30-35 lm ( Fig. 4A and B) . The slit-shaped opening is 80-90 lm long.
The lower and medial part of the pigmented area is composed of about 200 pigmented photoreceptors (Figs. 3 and 4B) . They are of the ciliated type but their outer segments are very small, only 2-5 lm long and <5 lm 3 . The pigmented part lying just proximal to the outer segment is 5-10 lm long and filled with spherical to elliptic pigment granules having diameters between 0.3 and 2 lm. These photoreceptors have their nuclei arranged in one or two layers with the innermost layer lying just proximal to the pigment area (Figs. 3 and 4A, B) . When present, the cells with their nuclei in the 2nd layer have a thin 3-to 4-lmlong region with few organelles between the nuclei and the pigment area. The nuclei are surrounded by numerous mitochondria. The photoreceptors have an irregular shaped ending a little proximal to the nuclei, and there are no signs of them having any axons. The receptors seem to be in synaptic contact with the rest of the nervous system at their cell bodies, and this unusual system is under current investigation. In total the pigmented photoreceptors are 20-25 lm long.
On the lateral side of the eye a group of 30-40 non-pigmented photoreceptors are situated ( Fig. 5A and B) . Their outer segments retain the 9 Â 2 + 2 cilia configuration for a long distance (30-60 lm), and are sent in between the pigmented photoreceptors in the middle part of the eye. When reaching the retina they also dissolve in irregular microvilli.
The outer segments of both receptor types are arranged in layers when the eye is seen in transverse section (Figs. 3,  4D , and 6C-G). In the widest part the outer segments form 7-8 layers, each layer having a thickness varying between 0.5 and 1.5 lm (Fig. 4C and D) . Together the layers form a wedge-shaped retina in cross-section, 2-5 lm wide and 7-lm deep in the medial half of the eye (Fig. 4A and D) . In the lateral half it gets progressively smaller and stops approximately 10 lm from the edge of the eye (Fig. 4A) .
Non-sensory pigment cells form the upper and lateral part of the pigment slit. Their pigmented region is about Fig. 2 . The visual system of the box jellyfish Tripedalia cystophora (A) is arranged on four identical sensory clubs, the rhopalia, having a similar set of six eyes each. (B) and (C) show schematic drawings of the rhopalium of T. cystophora seen frontally (B) and laterally (C). The two lens eyes lie on the midline with the upper lens eye pointing upwards and the lower lens eye pointing obliquely downwards. The pair of slit eyes is situated laterally between the lens eyes. They point latero-frontally and slightly downwards. The pit eyes are found on either side of the upper lens eye and they point upwards and slightly laterally.
10-lm long, 2-3 lm wide, and made of rather regular spherical granules 0.5-1 lm in diameter (Fig. 4B) . The nuclei are arranged in several layers (Fig. 4B) . Few mitochondria are found surrounding the nuclei, and the cells end just proximal to the nuclei. There is a total of approximately 200 non-sensory pigment cells.
The vitreous cells fill the entire slit-shaped opening and together they form a structure which is canoe-shaped in longitudinal section (Figs. 4A and 6) . In transverse section it is highly asymmetric since it expands downwards (Figs. 3, 4B, and 6). There are about 40 vitreous cells, and they are elongate with their long axis perpendicular to the long axis of the eye (Figs. 4B and 5C). They are 15-25 lm long and 5-7 lm wide, and most of their cytoplasm is filled with closely packed vesicles (Figs. 3 and 5C, D) , presumably containing the same kind of crystallin as found in the lenses of the lens eyes (Piatigorsky & Kozmic, 2004; Piatigorsky et al., 1989) . These vesicles are 0.3-1.5 lm in diameter. It is interesting to note that the vesicles are arranged in rounded clusters within the cells giving the entire light gathering surface a lobed appearance (Figs. 3-6 ). The refractive indices of the vesicles calculated from TEM-sections vary between 1.38 and 1.48. The distribution of refractive index showed no clear pattern except for the upper part of the vitreous cells being rather homogeneous (Figs. 4A, B and 6 ), while the lower part seems to have a more random refractive index distribution (Figs. 4B and  5D ). Several of the vitreous cells have their nuclei situated in between the vitreous vesicles (Figs. 4B and 5C ).
Receptive fields of the slit eye
Modeling the wave front propagation in the slit eye showed that the optical effects of the vitreous cells are negligible, and their overall effect is a rather weak scattering of the incoming light. The maximum intensity changes at the retina are in the range of 20% of the incoming intensity (Fig. 7) . All the examined sections, angles, and wavelengths had similar effects. The small effect present comes almost entirely from the lobed surface. We therefore proceeded with standard geometrical optics and ray tracing without the vitreous cells, to approximate the receptive fields of selected photoreceptors and selected areas of the retina (Figs. 8 and 9 ). The ray tracings were performed on 3D reconstructions of the pigment screens made from TEM (n = 5) and LM (n = 3) sections of the slit eyes.
The receptive fields were modeled for nine separate photoreceptors at different locations in the retina (Fig. 8) . The receptors were from three different positions along the long axis of the retina (lateral, central, and medial, see Fig. 6G ), and from three different levels (distances from the vitreous cells) in the retina at each position (distal, mid, and proximal, see Fig. 6C for arrangement) . All the receptive fields displayed the same asymmetry along the transverse axis, with a steep sensitivity gradient in the upper part and relatively slow changes in the lower part (Figs. 8 and 9 ). Along the longitudinal axis of the eye all of the nine modeled photoreceptors had very similar receptive fields with maximum half-widths between 135°and 170°. Along the transverse axis of the slit eye the receptive fields fell into three groups according to their position. The proximal receptors had a maximum transverse half-width of 18-22°, the mid-receptors 34-46°, and the distal receptors 68-76°. Interestingly, they all had the same upper limit to their receptive fields (Fig. 8) . Due to the similarities found for receptors from the same level in the retina, we also modeled the combined receptive field for all the proximal, all the mid, and all the distal receptors (Fig. 9A-C) . The combined receptive fields have half-widths very similar to the individual receptors from the same level. The receptive field of the entire retina was also modeled, and had a 50% curve very similar to those of the combined mid-receptors, but with a more pronounced asymmetry (Fig. 9B and D) .
The pit eyes
The pit eyes are the smallest eyes. The pigmented area is a more or less spherical cup with an outer diameter of 25-30 lm, and an inner diameter of about 12 lm (Fig. 10A) . There are no signs of any lens-like structure in the pit eyes. Also, in their cellular components, they are less complex than the slit eyes, since they are composed of pigmented photoreceptors only. Morphologically, they are very similar to the pigmented photoreceptors found in the slit eye retina, and there are about 300 of them in each pit eye. The individual size and arrangement of the outer segments could not be worked out from the TEM-micrographs (Fig. 10A-C) , but the total volume of the retina implies that the outer segments are very small with a mean volume of about 3 lm 3 . Since no data were obtained on the arrangement of the outer segments, receptive fields of individual receptors cannot be modeled. Instead, we treated the entire mass of Fig. 3 . Schematic drawing of a cross-section of the slit eye. The eye is strongly asymmetric with the lower part of the pigment cup being very short. This part is made of the pigmented photoreceptors. The upper part of the pigment cup is made of non-sensory pigment cells. The area in front of the outer segments (OS) is filled by a lens-like structure made of vitreous cells. The slit eye also holds a fourth cell type, non-pigmented photoreceptors, which are not shown since they appear in another region of the eye. The drawing is not to scale. CR, ciliary rootlet; Nu, nucleus; PG, pigment granules; VV, vitreous vesicles.
outer segments as one unit and performed ray tracing to map the receptive field of the entire retina of the pit eye ( Fig. 10D and E) . The result was a close to circular receptive field with a half-width of approximately 60°.
Discussion
The visual system of box jellyfish is highly complex, and it comprises 24 eyes of four morphological types. An obvious assumption is that the eyes serve different functions, and that each eye type is designed specifically to extract the visual information needed for its particular function (for a general discussion on special vs. general purpose eyes see Land & Nilsson, 2006) . Our previous work on the lens eyes of T. cystophora supports this assumption, since it demonstrates the presence of highly selective peripheral information filtering (Coates et al., 2006; Nilsson et al., 2005) . Our present results are also well in line with the assumption of special purpose eyes, and we are now in a position to address what type of filtering takes place in the lesser eyes.
Well-developed and seemingly advanced eyes have been the subjects of detailed optical investigations, and there is a wealth of such studies of eyes throughout the animal kingdom (e.g. Land & Nilsson, 2002) . Simple pigment pit eyes are typically much less studied in terms of their detailed Fig. 4 . TEM-micrographs of the slit eye. In sections along the long axis the slit is filled with a boat-shaped lens-like structure (A, white outline) made of vitreous cells (VC), which lie directly on top of a keel-shaped retina formed by the outer segments (OS) of the photoreceptors (PPR). In transverse section the slit eye is highly asymmetric (B). The upper part is made by non-sensory pigment cells (NSPC) covering the lens. The lower and lateral part is made by PPRs which do not cover the VCs (B). The crystallin containing vesicles are gathered in spheres giving the light collecting surfaces of the VCs a lobed appearance (A and B, white outline). The PPRs are ciliary (C and D, arrowheads) and very small, the distal part of the inner segment is only about 1.5 lm in diameter (C). The cilia dissolve in irregular membrane loops and together they form a keel-shaped retina (B and D). The dotted line in (A) indicates approximate location of the section in (B) and the dotted line in (B) indicates approximate location of the section in (A). BB, basal body; M, mitochondrion; Np, neuropil; Nu, nucleus; PG, pigment granules. optical function and performance. Here we present one of the first detailed optical studies of such small eyes, resulting in information important when assessing their biological role. We also establish some methodological principles specific to investigations of seemingly simple eyes. Because of their small dimensions, a wave optics approach initially seemed necessary. We have demonstrated that simplifying the wave-optics modeling to 2D provides a good overall insight into the optical properties of an eye. It was found that the vitreous cells of the slit eye have minimal optical effects, and thus it is reasonable to use geometrical optics for 3D models of the receptive fields. In general the errors induced by using this method on small structures (e.g. not taking diffraction and interference into account) have little effect on the broad receptive fields found in eyes without image forming optics. Thus, we conclude that geometrical optics would normally be sufficient for optical modeling of small and relatively simple eyes.
Function of the vitreous cells
The slit eyes of T. cystophora contain transparent cells covering the entire opening through which light can reach the retina. Similar structures have been reported from the slit eyes of another box jellyfish, Carybdea rastonii (Satterlie, 2002). These cells are visible as glittering structures in Fig. 5 . TEM-micrographs of the slit eye. About 40 non-pigmented photoreceptors (NPPR) are found in the lateral part of the slit eye (A). Their outer segments remain normal cilia for a long distance (B) but dissolve in irregular microvilli when they reach the retina (not shown). From the electron density it is indicated that the crystalline content of the vitreous vesicles varies with the location within the eye (A and C). In a longitudinal section of the upper part of the vitreous cell population the vesicles are rather homogeneously stained (A, see also Fig. 4A and B) whereas in the lower part a more or less random arrangement of the electron density is seen (C). In the lower part of the eye close to the full range of refractive indices can be seen within the same vitreous cell (D, numbers indicate refractive indices). Ci, cilium; EC, epithelial cell; Np, neuropil; Nu, nucleus; PPR, pigmented photoreceptors; VC, vitreous cells.
live eyes, and we initially assumed that they might have lens-like refracting properties. Our wave optics analysis proved this assumption wrong. The refracting power of the cell mass is minute, and it only causes a slight scattering of the incoming light. We consequently refer to these cells as vitreous cells. Most of their weak optical effect comes from the lobed surface, but the internal distribution of refractive indices has almost no effect. It should be remembered that we have only measured the refractive indices indirectly. However, due to the very short distance between the vitreous cells and the receptors, the refractive indices would have to be much higher than our estimates in order to have a significant effect on the directional propagation of light.
The arrangement of the vitreous cell population with its asymmetry, the lobed surface, and the small vitreous vesicles gathered in larger spheres, is peculiar and unique, and the function of these cells is not obvious. A hint on the function may come from the fact that all light reaching the retina must first pass through the vitreous cells. With refraction ruled out, we are left with polarizing properties or spectral filtering. There is nothing in the way of ordered ultrastructure in the vitreous cells that would indicate any polarizing properties, and the retina is not arranged with the aligned photoreceptor membranes typical in polarization vision (Labhart & Meyer, 2002; Nilsson & Warrant, 1999) . It is more likely that the colorless vitreous cells serve to remove UV light. There are strong indications that the Fig. 6 . Schematic drawings of the slit eye. The vitreous cell population in the slit eyes has a surface made of oval lobes (A). The lower part is also lobed but here the lobes are hemispheres (B). In cross-section the eye is highly asymmetric with the pigment screen covering only the upper and medial part of the eyes (C-F, thick black line). The lower part of the vitreous cell population has a variable refractive index (C-F, dotted pattern) whereas the upper part has a more homogeneous refractive index (C-F, gray area). In longitudinal section it is seen that the retina is also asymmetric and becomes progressively smaller towards the lateral part of the eye (G). It stops about 10 lm from the edge of the vitreous cells. The dotted lines indicate areas of cross-sections in C-F. The outer segments of the photoreceptors are modeled as boxes lying in layers perpendicular to the long axis of the eye (C-G).
visual system of box jellyfish uses opsin-based photopigments (Coates et al., 2006; , and most opsin-based photopigments have a secondary absorption peak (b-peak) in the UV region (Govardovskii, Fyhrquist, Reuter, Kuzmin, & Donner, 2000) . If the receptor is meant to pick up information in a narrow spectral band provided by the primary absorption peak (a-peak), this UV absorption may need to be removed. Indeed, the spectral sensitivity of the lens eyes suggests that UV filters are present here (Coates et al., 2006; . Electrophysiological recordings from the slit eyes are needed to test the hypothesis that the vitreous cells are UV filters in the slit eye.
Receptive fields and spatial resolution of the slit and pit eyes
An essential question in assessing the role of slit and pit eyes is whether there is any form of spatial resolution in these eyes. Even though the pit and slit eyes lack image Fig. 7 . Models of wave front propagation through the vitreous cells of the slit eye. In both the cross-sections and longitudinal sections the model predicts that more or less the entire optical effect originates from their lobed surface (A and D). The red color indicates light intensities higher than the original wave and green indicate lower intensities. White arrow indicates the direction of the incoming light. The effects are more easily seen, when the structure is removed from the picture (B and E). In the gray scale white indicates a doubling of the intensity and black indicates no light. The modification of the wave front caused by the vitreous cells and the retina at the level of the broken red line is shown in (C) and (F). It is seen that in both cases the effect lies within ±20% of the incoming intensity. forming lenses, they may still have spatial resolution based on differential shading by the pigment screen. We were unable to determine the size and position of individual outer segments in the pit eye, and consequently we cannot say if there is a potential for spatial resolution in this eye. Still, the morphology of the pit eye with an opening of more than half the diameter of the retina would allow only very crude spatial resolution, if any at all, and suggests a function as a mere light meter.
The receptive fields from the receptors in the slit eye do indicate a potential for spatial resolution but in an unconventional form. All of the modeled receptors have almost identical half-widths along the longitudinal axis of the eye, thus no spatial resolution can be present in this plane. Along the transverse axis of the eye the receptors from different levels (depths) in the retina have receptive fields with clearly different half-widths (Fig. 8) . All the receptors have receptive fields with about the same upward limit, but the more distally they are located in the retina the further their receptive fields reach downwards. This could provide spatial resolution along the transverse axis of the eye of about 10-15°. Another interesting aspect of the receptive fields of the slit eye receptors is the strong asymmetry along the transverse axis. In the upward edge the sensitivity gradient is steep, but downwards the sensitivity drops slowly over a large angle. It is noteworthy that similar asymmetries were also found for the receptive fields of the receptors in the lens eyes of T. cystophora (Nilsson et al., 2005) . Taken together, the arrangements of receptive fields in the slit eye suggest that it is optimized to detect vertical movement, or to make ''centre-surround" comparisons exclusively along the transverse axis of the eye.
Morphological complexity
We have seen that the optical models of the pit and slit eyes suggest different functional complexity. This difference is also reflected in the morphological complexity of the two eye types. The pit eye, which probably has little or no spatial resolution, is formed exclusively by pigmented photoreceptors. This is similar to what has been found for other cnidarian pigment cup eyes (Blumer, v Salvini-Plawen, Kikinger, & Bü chinger, 1995; Singla, 1974; Singla & Weber, 1982a , 1982b Toh, Yoshida, & Tateda, 1979; Yamamoto & Yoshida, 1980) . We found the slit eye to have a much more complex morphology, even more complex than that suggested by previous work on these eyes (Laska & Hü ndgen, 1982) . It is composed of four cell types including two different types of photoreceptors, which potentially allow for extraction of specific spatial, temporal, or spectral information.
One intriguing aspect shared between the slit and pit eyes is that they both have compact retinas formed by large numbers of receptor cells (250 and 300 receptors, respectively). Consequently the receptive outer segments of each receptor cell must be unusually small. Many small and closely packed photoreceptors normally indicate high spatial resolution but as we discussed above this cannot be the case for the slit and pit eyes of T. cystophora. Even though no direct counts have been made, similarly sized eyes in hydrozoans also seem to possess a relatively high number of small photoreceptors (Singla, 1974; Singla & Weber, 1982a , 1982b , and in other parts of cnidarian nervous systems many small cells collectively form common information channels (Garm, Poussart, Parkefelt, & Nilsson, 2007; Grimmelikhuijzen & Westfall, 1995; Mackie, 2004) . If there is a specific tendency for parallel redundancy in the organization of cnidarian neural and sensory systems, it may very well have a developmental rather than direct functional explanation.
The extremely small size of the outer segments means that the photoreceptors will have very low sensitivity and suffer relatively more from intrinsic noise and photon noise. The obvious solution to these problems would be to sum the signals from many receptors onto a smaller number of neurons (Warrant, 2004) . This would increase the sensitivity and improve the signal-to-noise ratio. The fact that many receptors share the same receptive field in both examined eyes suggests that such pooling is taking place in the nervous system.
Multiple eye types
With the new data presented here it becomes relevant to speculate about the functional reason of having slit and pit eyes in addition to the much larger lens eyes. Even though the lens eyes are known to be significantly out of focus, they provide better spatial information, and pick up much more light, than the slit and pit eyes. It would seem that any visual information is better received by the lens eyes. An explanation for the need of several eyes is emerging from recent studies of the lens eyes Nilsson et al., 2005) , where severe spatial and temporal filtering occurs already at the level of optics and receptor cells. This extremely peripheral filtering of information is likely to represent efficient solutions to the tasks served by the lens eyes, but it also means that much visual information is irretrievably lost at an early stage. If the slit and pit eyes have receptors with different temporal properties, or different opsins, they could serve visual tasks that the lens eyes cannot. Further work on visually guided behaviors in box jellyfish is likely to provide input to the question of the different roles of the four eye types.
